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A novel ®broblast growth factor-2 (FGF-2) protein isoform, called altFGF-2, is expressed abundantly during chicken em-
bryogenesis. The amino-terminal domain of the 21.5-kDa altFGF-2 protein diverges completely from the other three FGF-
2 proteins due to alternative splicing of their ®rst coding exons. Furthermore, the altFGF-2 protein, in contrast to FGF-2
proteins, is targeted predominantly to the endoplasmic reticulum. In chicken embryos, altFGF-2 and FGF-2 proteins are
differentially distributed in several mesodermal structures including developing limbs and kidneys. All four FGF-2 protein
isoforms are also expressed in the developing neural tube from early neural plate stages onward. In contrast to FGF-2
proteins, the altFGF-2 isoform is distributed in a dynamic, spatially restricted pattern in notochord and ventral neural tube
(¯oor plate and motor neurons) during speci®cation of neuronal populations. To study the possible shared or differential
signaling functions of chicken altFGF-2 and FGF-2 gene products, they were ectopically expressed in the dorsal neural
tube aspect of transgenic mouse embryos. Dorsal expression of altFGF-2, but not FGF-2 gene products, induced alteration
of neural tube morphology in a signi®cant fraction of mouse embryos (25%). However, no alterations of dorsoventral (d/
v) neural tube polarity were detected, indicating that altFGF-2 and FGF-2 gene products either function as permissive
cofactors or regulate neural tube growth without affecting establishment of its primary d/v polarity. q 1996 Academic Press, Inc.
INTRODUCTION The essential functions of particular FGFs as revealed genet-
ically using homologous recombination also indicate that
functional complementation among FGF family membersFibroblast growth factors (FGFs) constitute a family of
is likely (see, e.g., Hebert et al., 1994). Further complexityfunctionally related and conserved signaling molecules (re-
is added by expression of alternatively spliced or translatedviewed by Mason, 1994). In contrast to other family mem-
FGF and receptor protein isoforms during embryogenesis.bers, FGF-1, FGF-2, and FGF-9 do not encode signal pep-
In particular, several FGF-8 protein isoforms are created bytides, which suggests secretion by unknown alternative
alternative splicing of their amino-terminal domains andpathways (reviewed by Vlodavsky et al., 1991). Extracellular
differ in their activation of speci®c receptor isoforms (Mac-FGFs bind heparan sulfate proteoglycans and signal by acti-
Arthur et al., 1995).vating their high-af®nity tyrosine kinase receptors (FGFR-
FGF-2 proteins are among the best studied and highest1 to -4; reviewed by Johnson and Williams, 1993). FGFs
conserved FGF family members. Previous studies suggestedparticipate in regulating growth and differentiation of a vari-
multiple roles for FGF-2 proteins during embryonic pat-ety of cell types in culture and during embryogenesis. For
terning formation, growth, and differentiation (reviewed byexample, FGFs and their receptors play important roles dur-
Mason, 1994). In particular, FGF-2 proteins are abundantlying gastrulation and regionalization of posterior mesoderm
expressed, and postulated functions include roles during re-(FGFR-1; Yamaguchi et al., 1994; Deng et al., 1994) and
gionalization of posterior mesoderm (Shiurba et al., 1991;patterning of limbs (FGF-4 and FGF-8; Niswander et al.,
Riese et al., 1995), limb pattern formation (Fallon et al.,1993; Crossley et al., 1996b), mid brain (FGF-8; Crossley et
1994), kidney induction (Perantoni et al., 1995), and heartal., 1996a), and otic vesicles (FGF-3; Mansour et al., 1993).
development (Sugi et al., 1993). Interestingly, three chicken
FGF-2 protein isoforms with varying amino-terminal exten-
sions are translated from one transcript using alternate start1 To whom correspondence should be addressed. Fax: 49-6221-
387516. E-mail: Zeller@EMBL-Heidelberg.de. codons (Dono and Zeller, 1994). In addition to their pre-
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Therefore, a polyclonal antiserum was raised against this altFGF-sumed roles in cell-to-cell signaling during embryogenesis,
2-speci®c domain. A 150-bp cDNA fragment encoding alt exon 1FGF-2 protein isoforms accumulate in nuclei of speci®c em-
was fused to the bacterial glutathione-S-transferase (GST) proteinbryonic cell types (Shiurba et al., 1991; Dono and Zeller,
in the pGEX-2T expression vector (Smith and Johnson, 1988). The1994; Riese et al., 1995). Furthermore, analysis of the
GST±alt fusion protein was puri®ed, rabbits were immunized fol-chicken FGF-2 gene revealed expression of a novel, alterna-
lowing standard protocols, and af®nity-puri®ed altFGF-2 antibodies
tively spliced FGF-2 (altFGF-2) transcript that encodes an were prepared as described (Dono and Zeller, 1994). These antibod-
open reading frame (ORF) with a divergent amino-terminal ies recognize recombinant altFGF-2 protein speci®cally both in
domain (®rst coding exon; Zuniga Meija Borja et al., 1993). vitro and in transfected cells and do not cross-react with the other
The amino-terminal domain of the altFGF-2 ORF does not FGF-2 isoforms (data not shown; see also Fig. 1C). Af®nity-puri®ed
FGF-2 and altFGF-2-speci®c antibodies were used for all studiesshare signi®cant homology with any of the other FGF fam-
except where indicated otherwise.ily members. Similar levels of both types of FGF-2 tran-
scripts are expressed during embryogenesis, indicating that
altFGF-2 gene products might substantially contribute to
Other Immunological Reagentspresumed embryonic FGF-2 signaling functions.
We have raised speci®c antibodies and identi®ed the 21.5- Anti-BiP monoclonal antibodies (10c3; Vaux et al., 1990) recog-
kDa altFGF-2 protein, which predominantly localizes to the nize a protein residing in the lumen of the ER and were used for
colocalization studies. Supernatants were used as previously de-endoplasmic reticulum (ER) of cultured cells. During em-
scribed. Monoclonal antibodies against the motor neuronal proteinbryogenesis, the altFGF-2 protein is expressed in a more
Islet-1 (40.2D6; Ericson et al., 1992) were obtained from the Devel-temporally and spatially restricted pattern than FGF-2 pro-
opmental Studies Hybridoma Bank (Johns Hopkins Universityteins. Whereas FGF-2 and altFGF-2 distributions are similar
School of Medicine, Baltimore, MD).in myotomes and during heart morphogenesis, the altFGF-
2 protein is restricted to the limb bud mesenchyme and
down-regulated during differentiation of the mesonephric Immuno¯uorescence
kidney. Furthermore, ventrally restricted expression of the
Chicken embryonic ®broblasts (CEF) and DU249 cells (a chickenaltFGF-2 protein during speci®cation of motor neuronal
hepatoma cell line, obtained from T. Graf, EMBL) were grown oncells indicated roles during spinal cord morphogenesis.
coverslips to semi-con¯uency and ®xed in 4% paraformaldehydeTherefore, chicken altFGF-2 and FGF-2 gene products were
(PFA) for 10 min at room temperature. After washes in PBS, cellsexpressed in the dorsal neural tube of mouse embryos using
were permeabilized with PBS containing 0.1% Triton X-100 for
the pWEXP-2 expression vector (Echelard et al., 1993). 5 min. Immunolocalization of antigens with primary antibodies,
Changes of neural tube morphology consistent with altered detection with either Texas Red (goat anti-rabbit IgG; Jackson Im-
spinal cord growth were detected in a fraction of altFGF-2- munoResearch Laboratories) or ¯uorescein-coupled (donkey anti-
but not FGF-2-expressing transgenic embryos. However, no mouse IgG; Jackson ImmunoResearch Laboratories) secondary anti-
changes in dorsoventral (d/v) neural tube polarity or speci®c bodies, and counterstaining of nuclei with Hoechst 33258 were
done as described by Trumpp et al. (1992).neuronal populations (including motor neurons) were de-
tected. These results suggest that altFGF-2 gene products
function either as cofactors or downstream of neural tube
Analysis of Protein Extracts by Immunoblottingpatterning, possibly during growth of the spinal cord.
Native protein extracts from cells and chicken embryos were
prepared, normalized, heparin-enriched, and immunoblotted as de-
scribed by Dono and Zeller (1994). The immune complexes wereMATERIALS AND METHODS
visualized using enhanced chemoluminescence (ECL; Amersham).
Immunocomplexes can be removed (Amersham) following immu-Chicken Embryos
nodetection by ECL and blots reprobed using different antibodies.
Chicken eggs (White Leghorn) were obtained from commercial
breeders. Eggs were incubated at 377C (70 to 80% humidity) and
windowed, and the embryos were staged according to Hamburger Immunohistochemistry
and Hamilton (1951).
Chicken embryos were ®xed in 4% PFA and processed for immu-
nohistochemistry exactly as described by Dono and Zeller (1994).
The speci®city of the observed altFGF-2 protein distribution wasPreparation of Antibodies Speci®cally Recognizing
assessed routinely by including the following controls (using paral-FGF-2 and altFGF-2 Protein Isoforms
lel histological sections): (1) Preimmune serum from the same rab-
bit was used instead of af®nity-puri®ed altFGF-2 antibodies. (2)Af®nity-puri®ed polyclonal FGF-2 antibodies were previously de-
scribed (Dono and Zeller, 1994) and shown to speci®cally detect Speci®c competition of altFGF-2 antibodies: Af®nity-puri®ed anti-
bodies were incubated with a 10-fold molar excess of either thethe three canonical FGF-2 protein isoforms (see also Fig. 1C). Most
of the antigenic determinants recognized by these FGF-2 antibodies GST±alt fusion protein (competition) or the GST protein (mock
control) in PBS (containing 3% BSA) for 1 hr at room temperature.reside in the amino-terminal domain encoded by exon 1 (see Dono
and Zeller, 1994; Fig. 1C and data not shown). The altFGF-2 protein The immunocomplexes were then removed by absorption to gluta-
thione±agarose beads and the cleared supernatants used for immu-is not detected by these antibodies (data not shown and Fig. 1C).
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FIG. 2. Expression of three FGF-2 and altFGF-2 proteins during chicken embryogenesis. Heparin-enriched protein extracts from different
embryonic stages (stages 5 to 35; stages 18 to 35 extracts were normalized for protein contents) were loaded on a 15% SDS/PAGE for
immunoblotting; ECL immunodetection was performed ®rst using altFGF-2 antibodies (A). After stripping the blot was reprobed using
the FGF-2 antisera (B). Exposure times were 1 hr except for FGF-2 (stages 16 to 35; 20 min).
nohistochemistry. These controls con®rmed the high speci®city of cDNA fragments encoding the complete FGF-2 (all three isoforms) or
the altFGF-2 immunostaining and revealed the nonspeci®c nature altFGF-2 ORFs (Zuniga Mejia Borja et al., 1993) were inserted into the
of the AER labeling by altFGF-2 antibodies (Fig. 3C). All reported EcoRV cloning site of the pWEXP-2 vector. The pWEXP-2 expression
distributions are reproducible as shown by analyzing at least ®ve vector encodes a 10.5-kb Wnt-1 genomic region to express the trans-
embryos of the same developmental stage. genes of interest in the dorsal aspect of the neural tube (Echelard et
al., 1994). Transgenic mouse embryos were generated by pronuclear
injection of linearized plasmid-free pWEXP2±FGF-2 and pWEXP2±Generation and Analysis of Transgenic Mouse
altFGF-2 DNA into the fertilized eggs of the F1 (C57BL/6 1 SJL)Embryos Expressing Chicken FGF-2 Gene Products
mouse strain as described by Hogan et al. (1986). Transgenic embryosin the Developing Neural Tube were collected between Embryonic Days 10 and 12. After initial gross
morphological analysis they were processed for in situ hybridizationThe expression vector pWEXP-2 (Echelard et al., 1993) was used
to generate the pWEXP2±FGF-2 and pWEXP2±altFGF-2 constructs. analysis (see below). Transgenic embryos were identi®ed by preparing
FIG. 1. Differential expression and subcellular localization of FGF-2 and altFGF-2 protein isoforms in cultured cells. (A) A schematic representa-
tion of the four FGF-2 protein isoforms. The three coding exons encoding the FGF-2 ORF are represented by open boxes, the alternatively
spliced coding giving rise to altFGF-2 as a shaded box, and the major heparin-binding domain in exon 3 as a striped box; L (leucine) and M
(methionine) represent the CUG and ATG translation initiation codons; and the black bars indicate the RNase protection fragments shown
in B. (B) RNase protection analysis of FGF-2 and altFGF-2 transcripts in cultured cells. Probe, single-stranded riboprobe containing a 490-base
altFGF-2 ORF fragment (Zuniga Mejia Borja et al., 1993). tRNA, control to reveal nonspeci®cally protected bands. CEF, total RNA of cultured
chicken embryonic ®broblasts. DU, total RNA of the chicken hepatoma cell line DU249. The protected bands correspond to the FGF-2 and
altFGF-2 transcripts (for details see Zuniga Mejia Borja et al., 1993). Forty micrograms of total RNA was used for each sample (normalized for
poly(A)/ content). (C) Expression of FGF-2 protein isoforms in DU249 and CEF cells. Heparin-enriched protein extracts were normalized and
analyzed by immunoblotting. ECL immunodetection was ®rst performed with altFGF-2 antibodies (right; exposure time was 1 hr); the blot
was then stripped and reprobed with FGF-2 antibodies (left; exposure time was 20 min); apparent molecular masses are indicated in kilodaltons.
(D to E*) Subcellular distribution of the FGF-2 and altFGF-2 proteins in CEF. CEF were ®xed on coverslips and analyzed by indirect immuno¯uo-
rescence using FGF-2 (D) or altFGF-2 antibodies (E). Cell nuclei were counterstained with Hoechst (see D* and E*). Note the completely
cytoplasmic localization of the altFGF-2 protein, whereas FGF-2 proteins are predominantly nuclear. (F to I) The altFGF-2 protein localizes to
the ER lumen marker Bip. DU249 cells were analyzed by indirect immuno¯uorescence combining antibodies against altFGF-2 and the ER
marker (Vaux et al., 1990; see Material and Methods). (F) Subcellular distribution of altFGF-2 protein (in red). (G) Subcellular distribution of
Bip protein (in green). (H) Nuclei were counterstained with Hoechst (in blue). (I) A photographic overlap of altFGF-2, the Bip antigens (F and
G), and the nuclear stain (H). The altFGF-2 and the Bip proteins colocalize almost completely as revealed by the yellow ¯uorescent color
resulting from the superimposition of the red (altFGF-2) and the green (Bip) signals.
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FIG. 3. altFGF-2 protein expression during patterning and differentiation of limbs, kidneys, and heart. (A to C) Spatial distribution of the
altFGF-2 protein during limb pattern formation. All sections are transverse through the medial part of the wing bud with dorsal to the top.
Note: All antigen-positive cells appear black, whereas morphology is revealed by bright nuclear ¯uorescence (see Dono and Zeller, 1994). (A)
Stage 17 wing bud; arrows point to the scattered positive mesenchymal cells; arrowhead points to the extraembryonic membranes. (B) Stage
20 wing bud. (C) Competition to reveal nonspeci®c staining in the AER (arrowhead; for details see Material and Methods). (D to F) Differential
distribution of the FGF-2 protein isoforms during kidney morphogenesis. Transverse sections through the trunk region of embryos stained
with either altFGF-2 (D, E) or FGF-2 (F) antibodies. (D) Stage 18 mesonephros. (E and F) Parallel sections showing a stage 26 mesonephros with
differentiating glomeruli. (G to I) altFGF-2 protein distribution during heart development. Cross sections through the heart of stages 11 to 18
embryos were stained with altFGF-2 antibodies. (G) Heart during embryonic stage 11; section showing the myocardial tube; arrowhead points
to the dorsal mesocardium. (H) Myocardial tube during embryonic stage 13. (I) Embryonic stage 18 heart with developing ventricles and atria.
AER, apical ectodermal ridge; AT, atrium; DM, dorsal mesocardium; DU, mesonephric duct; EC, endocardium; EM, epimyocardium; GL,
glomerulus; GU, foregut; LM, limb bud mesenchyme; MC, myocardium; MN, mesonephros; MY, myotome; TU, tubules; VE, ventricle.
DNA from their extraembryonic membranes and Southern blot analy- analysis was performed as described (Ausubel et al., 1987). Expression
of the FGF-2 and altFGF-2 transgenes was analyzed using a 35S-labeledsis using a chicken FGF-2 probe (coding exons 2/3; see Fig. 1A).
antisense riboprobe complementary to coding exons 2/3 of the
chicken FGF-2 gene (Fig. 1A). Shh riboprobes were used as describedIn Situ Hybridization Analysis of Transgenic
by Echelard et al. (1993). Pax3 and Pax6 transcripts were detected
Mouse Embryos using riboprobes described by Goulding et al. (1991) and Walther and
Gruss (1991). En-1 transcripts were detected using the complete ORFMouse embryos were ®xed in 4% PFA for 3 hr at 47C and processed
exactly as described (Trumpp et al., 1992). RNA in situ hybrization as a probe (Davis and Joyner, 1988).
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shown), suggesting that its secretion is regulated. TakenRESULTS
together, these results show that four chicken FGF-2 protein
isoforms are created by alternative splicing of two ®rst cod-The 21.5-kDa altFGF-2 Protein Is Targeted to the
ing exons and alternate translation initiation. The differen-Endoplasmic Reticulum
tial subcellular localization of FGF-2 and altFGF-2 proteins
is directed by their alternate amino-terminal domains (®rstTo identify and study the postulated altFGF-2 protein
(Zuniga Mejia Borja et al., 1993; Fig. 1A), polyclonal anti- coding exons; see also Figs. 3E and 3F).
bodies were raised against a bacterial fusion protein con-
taining the amino-terminal domain encoded by alt exon1
Expression of FGF-2 and altFGF-2 Isoforms during(shaded box in altFGF-2 ORF scheme, Fig. 1A). Af®nity-
Chicken Embryogenesispuri®ed antibodies speci®cally detect recombinant, cellu-
lar, or embryonic altFGF-2 proteins in immunoblotting and altFGF-2 transcripts are expressed during chicken em-
bryogenesis (Zuniga Mejia Borja et al., 1993). Therefore, pro-immunolocalization assays (see Materials and Methods and
Figs. 1C, 1E, and 1F). Previously characterized FGF-2 anti- tein extracts from primitive streak (stage 5) to late embry-
onic stages (stage 35) were heparin enriched to comparebodies (Dono and Zeller, 1994) recognizing only the three
canonical FGF-2 protein isoforms (see Figs. 1C and 1D) were altFGF-2 and FGF-2 protein levels (Fig. 2). All four FGF-
2 protein isoforms are expressed from the earliest stagesused for comparative studies.
Several chicken cell lines express varying amounts of onward, but their relative levels vary during subsequent
development. altFGF protein levels decrease from embry-FGF-2 and altFGF-2 transcripts (data not shown). In particu-
lar, CEF express much higher levels of FGF-2 than of onic stage 22 onward (Fig. 2A), whereas FGF-2 proteins be-
come more abundant later (Fig. 2B, stage 28 onward) andaltFGF-2 transcripts, whereas DU249 cells (a chicken hepa-
toma cell line) express only altFGF-2 transcripts (Fig. 1B). remain expressed in adult tissues (data not shown). These
results indicate that expression of the 21.5-kDa altFGF-2Therefore, these two cell types were used to determine the
subcellular distribution of altFGF-2 in comparison to FGF- and the three FGF-2 proteins is differentially regulated (see
also Figs. 3 to 5).2 proteins. In agreement with RNA expression levels, both
CEF and DU249 cells express altFGF-2 protein, whereas
only CEF express detectable levels of the three FGF-2 pro- Differential Distribution and Subcellularteins (Fig. 1C). These results show that the altFGF-2 protein
Localization of altFGF-2 and FGF-2 Proteins duringhas an apparent molecular mass of 21.5 kDa and comigrates
Formation of Mesodermal Structureswith the largest FGF-2 protein isoform (Fig. 1C, compare
``FGF-2'' to ``altFGF-2''). The difference between predicted FGF-2 proteins are expressed by many different cell types
(see Dono and Zeller, 1994; Riese et al., 1995), whereas the(16.2 kDa; see Zuniga Mejia Borja et al., 1993) and apparent
molecular mass (21.5 kDa; Figs. 1C and 2) of the altFGF-2 altFGF-2 protein is expressed in more restricted patterns
during embryonic stages 10 to 26 (Hamburger and Hamil-protein is most likely due to posttranslational modi®ca-
tions that might occur in the ER (see below). Furthermore, ton, 1951) as illustrated in Figs. 3 and 4. In particular, the
altFGF protein is not expressed by extraembryonic mem-both altFGF-2 and all FGF-2 protein isoforms bind heparin
with identical af®nities (data not shown) as expected from branes, most of the ectoderm (see, e.g., Fig. 3A), and endo-
thelial cells (data not shown), whereas FGF-2 proteins arethe location of their major heparin-binding domain in their
shared coding exon 3 (Baird et al., 1988; see Fig. 1A). abundantly expressed in these cell compartments (Savage
et al., 1993; Dono and Zeller, 1994). However, both FGF-The results in Figs. 1D to 1I show that the subcellular
distribution of altFGF-2 and FGF-2 proteins is strikingly 2 and altFGF-2 proteins are abundantly expressed by all
endodermal cells forming the gut epithelium (data notdifferent. FGF-2 proteins are predominantly nuclear in most
cultured cells including CEFs (Fig. 1D), whereas the altFGF- shown). During limb pattern formation, expression of the
altFGF-2 protein was con®ned to the mesenchymal core of2 protein was detected exclusively in the cytoplasm of both
CEF and DU249 cells (Figs. 1E and 1F). However, the limb buds during pattern formation (Figs. 3A and 3B), with
no apparent polarity along any of the three limb bud axes.altFGF-2 protein was not distributed homogeneously in the
cytoplasm (Figs. 1E and 1F), but in a pattern reminiscent of Scattered positive cells are detected in the limb bud mesen-
chymal core during initiation of outgrowth (stage 17; Fig.ER-associated proteins (see Fig. 1F). Therefore, monoclonal
antibodies against the BiP protein (Fig. 1G), which resides 3A, arrows). During subsequent outgrowth and patterning,
all limb mesenchymal core cells express the altFGF-2 pro-in the ER lumen (Vaux et al., 1990), were used for colocaliza-
tion studies (Figs. 1F to 1I). Colocalization showed that tein (stage 20, Fig. 3B). Interestingly, both subectodermal
mesenchymal and limb ectodermal cells are devoid ofmost altFGF-2 proteins indeed localize to the ER lumen
(compare Figs. 1F to 1G; colocalization (yellow signal) is altFGF-2 protein (Figs. 3A and 3B), whereas these cells ex-
press high levels of FGF-2 proteins (Savage et al., 1993;shown by the overlap in Fig. 1I), whereas only a small por-
tion is cytosolic (Fig. 1I, note red signal). However, altFGF- Dono and Zeller, 1994). The apical ectodermal ridge (AER)
signal observed in some embryos (e.g., stage 20 embryos;2 protein could not be detected in DU249 conditioned me-
dium or associated to the extracellular matrix (data not see Fig. 3B) is nonspeci®c since it cannot be competed by
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altFGF-2 fusion protein (compare Fig. 3B to Fig. 3C; for is controlled by signals from notochord and ¯oor plate (Ya-
mada et al., 1993). Studies by Riese et al. (1995) showedexperimental details see Materials and Methods). Limb bud
mesenchymal cells continue to express altFGF-2 protein that FGF-2 proteins are abundantly expressed by neural
plate cells in primitive streak stage embryos. FGF-2 proteinsduring subsequent limb bud outgrowth (data not shown).
During kidney morphognesis all four FGF-2 protein iso- remain expressed by neural tube cells during patterning and
differentiation (Dono and Zeller, 1994) and roles in differen-forms are equally expressed during formation of the pro-
nephros (data not shown) and remain in mesonephric ducts tiation of neural crest cell derivatives have been postulated
(Sherman et al., 1993). In this study, the distribution ofand tubules (Fig. 3D, compare to Dono and Zeller, 1994).
However, altFGF-2 protein levels decrease in mesonephric altFGF-2 proteins during morphogenesis and differentiation
of the spinal cord has been analyzed in detail (Fig. 4). All fourducts and tubules and low levels of cytoplasmic protein
are detected in mesangial cells of differentiating glomeruli FGF-2 protein isoforms are also expressed by the developing
brain, but their widespread and complex distribution has(arrowhead, Fig. 3E). In contrast, FGF-2 levels remain high
in tubules (compare Figs. 3E and 3F) and nuclear localization not been analyzed in detail (data not shown).
becomes apparent in differentiating podocytes of mesoneph- During neural tube closure, altFGF-2 (Fig. 4A) and FGF-
ric glomeruli (nuclear stained cells of GL in Fig. 3F; for 2 proteins (J. Riese, R. Dono, and R. Zeller, unpublished)
details see Dono and Zeller, 1994). Down-regulation of are expressed without apparent polarity by most neural
altFGF-2 protein continues during formation of the de®ni- plate cells from rostal to caudal. FGF-2 and altFGF-2 pro-
tive metanephric kidney, whereas FGF-2 proteins remain teins are also expressed by the underlying notochord. Fol-
expressed at high levels. Interestingly, FGF-2 proteins are lowing neural tube closure, altFGF-2 expression in the
nuclear in speci®c cell types (Dono and Zeller, 1994; Riese neural tube is down-regulated (Figs. 4B and 4C). Interest-
et al., 1995), whereas there is no evidence for nuclear ingly, expression remains transiently high in the dorsal
altFGF-2 protein in either embryos or cultured cells (com- aspect of the neural tube (arrowheads, Fig. 4B). It is un-
pare Figs. 1D and 1E, 3E and 3F and data not shown). clear if this population of cells corresponds to neural crest
The developing heart is one of the mesenchymal tissues cells, but altFGF-2 proteins are expressed by neural crest
expressing FGF-2 (Parlow et al., 1991; Dono and Zeller, cell derivatives during subsequent developmental stages
1994) and altFGF-2 proteins most abundantly (Figs. 3G to (i.e. dorsal root ganglia and branchial arches; data not
3I). Already by embryonic stage 11, the altFGF-2 protein is shown). During embryonic stage 15, the altFGF-2 protein
expressed by most epimyocardial and dorsal mesocardial is predominantly expressed by ¯oor plate cells located
cells (providing attachment to the foregut; arrowhead, Fig. in the brachial region (Fig. 4C). Subsequently, expression
3G). The remainder of the dorsal mesocardium and endocar- spreads caudally and is uniform along the rostral±caudal
dial cells do not express altFGF-2 protein. Subsequently, axis. By embryonic stage 18, neuronal cells located later-
the altFGF-2 protein becomes restricted to cardiomyocytes ally and dorsally to the ¯oor plate express altFGF-2 pro-
(Fig. 3H). Cardiomyocytes continue to express altFGF-2 pro- tein (Fig. 4D), with levels being highest in motor neurons
tein during formation and differentiation of atria and ventri- (arrowheads, Fig. 4D). Differentiating motoneurons con-
cles (Fig. 3I and data not shown). The results show that tinue to express altFGF-2 protein at high levels (Fig. 4E),
altFGF-2 and FGF-2 protein isoforms (compare to Dono and and colocalization showed that a substantial proportion
Zeller, 1994) are coexpressed by cardiomyocytes during for- but not all Isl1-positive motor neurons express altFGF-
mation of the heart. 2 protein (compare Figs. 4G and 4H). Furthermore, Isl1
expression, i.e., speci®cation of motor neuronal cells
(Ericson et al., 1992), precedes altFGF-2 expression (dataRestricted Expression of altFGF-2 Protein during
not shown). During terminal differentiation altFGF-2 pro-Establishment of Dorsoventral (d/v) Neural Tube
tein expression ceases in motor neurons, whereas neuronsPolarity and Differentiation of the Spinal Cord
located in ependymal and mantel layers become strongly
positive (Fig. 4F). The highly dynamic distribution of theDorsoventral neural tube polarity is initiated during neu-
altFGF-2 protein follows establishment of d/v polarityral plate stages by signals emanating from the notochord.
Subsequent induction of ventrally located motor neurons and differentiation of neurons (Yamada et al., 1993). It
FIG. 4. Polarized distribution of the altFGF-2 protein during neural tube patterning and comparison to FGF-2 and Islet-1 distributions.
(A to G) Cross sections through the spinal cord of stages 10 to 26 embryos were stained with altFGF-2 antibodies. (A) Stage 10, caudal
region. (B) Stage 13, trunk region; arrowheads point to altFGF-2-positive presumptive neural crest cells. (C) Stage 15, brachial level. (D)
Stage 18, trunk region; arrowheads point to positive cells in the ventral region where the motor neurons are forming. (E) Stage 20, trunk
region. (F) Stage 26, trunk region. (G and H) Stage 20 parallel sections to compare altFGF-2 (G) and Islet-1 (H) protein distributions in
motor neuronal cells. (I and K) FGF-2 protein distribution is uniform during neural tube patterning (stage 14 (I) and stage 20 (K)). EL,
ependymal layer; FP, ¯oor plate; ML, mantel layer; MN, motor neurons; MY, myotome; NC, notochord; NF, neural fold; NP, neural plate;
NT, neural tube; SO, somite.
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markedly contrasts with FGF-2 protein distribution, lar markers for d/v polarity and speci®cation of neurons (in
comparison to FGF-2 expressing and wild-type embryos).which is more uniform from early (Fig. 4I) to late neural
tube stages (Fig. 4K; see also Dono and Zeller, 1994; data Correct establishment of d/v polarity was assessed by de-
termining the distribution of Shh, Pax6, and Pax3 tran-not shown). These results suggest that altFGF-2 and FGF-
2 proteins might serve different functions during neural scripts. No changes in the ventral Shh or Pax6 domains
(Echelard et al., 1993; Walther and Gruss, 1991) nor dorsaltube morphogenesis.
ectopic induction was observed (data not shown). Further-
more, all analyzed altFGF-2 expressing embryos expressed
Ectopic Expression of FGF-2 and altFGF-2 Gene Pax3 (Goulding et al., 1991) in the dorsal aspects of their
Products during Neural Tube Morphogenesis in hind brain domain (Fig. 5C) and rostral spinal cord (Fig. 5F).
Transgenic Mouse Embryos A signi®cant proportion of, but not all, cells forming the
expanded dorsal hind brain compartment of the embryoDifferential distribution of altFGF-2 suggested distinct
roles during spinal cord morphogenesis (Figs. 4C to 4G). shown in Fig. 5C expressed the Pax3 gene as would be ex-
pected from its normal distribution (compare Fig. 5C toFurthermore, three different types of FGF receptors (FGFR-
1 and FGFR-2; Orr-Urtreger et al., 1991; FGFR-3; Peters et Figs. 5D and 5F). The altFGF-2 protein is expressed by
¯oorplate cells during motor neuronal induction (Figs. 4Cal., 1993) are expressed during patterning and differentiation
of the neural tube. The Wnt-1 enhancer (pWEXP-2 vector; and 4D) but no alterations of the ventral Isl1 domains nor
the ectopic Isl1-positive cells were observed (data notEchelard et al., 1994) allows expression of gene products in
the dorsal neural tube of transgenic mouse embryos from shown). Previous genetic analysis of the Isl1 gene by homol-
ogous recombination showed that differentiation of En-1-early neural fold stages onward. This strategy was success-
fully used to study the role of SHH during establishment positive interneurons is dependent on signals from motor
neurons (Pfaff et al., 1996). Therefore the distribution of En-of d/v neural tube polarity (Echelard et al., 1993). Therefore,
the pWEXP-2 expression vector was used to express either 1-positive interneurons in altFGF-2 expressing embryos was
analyzed. No signi®cant alterations of En-1 expression do-the chicken FGF-2 (encoding all three isoforms) or altFGF-
2 ORF in the dorsal neural tube of transgenic mouse em- mains were observed (Fig. 5G), providing further evidence
that dorsal expression of altFGF-2 protein does not alterbryos (for details see Materials and Methods).
Taken together, about 50% of all transgenic founders ex- speci®cation of neurons. The results shown in Fig. 5 indi-
cate that altFGF-2 gene products function downstream ofpressed the transgene in the dorsal neural tube compart-
ment (Fig. 5A; compare to Echelard et al., 1993) as assessed neural tube patterning and the observed morphological al-
terations in a fraction of embryos are consistent with func-by in situ hybridization using histological sections (see, e.g.,
Fig. 5E; for details see Materials and Methods). Possible tions during spinal cord growth.
alterations of neural tube morphogenesis in transgenic
mouse embryos expressing either FGF-2 or altFGF-2 gene
products were analyzed between Embryonic Days 10 and 12 DISCUSSION
(Fig. 5). However, extensive analysis of embryos expressing
FGF-2 transgenes did not reveal any morphological abnor- Differential Regulation and Subcellular
malities of their neural tubes nor any changes of molecular Localization of FGF-2 Protein Isoforms Created by
markers (data not shown; analysis was identical to that for Alternative Splicing of First Coding Exons
altFGF-2 transgenic embryos, see below). Two transgenic
mouse lines expressing all three FGF-2 proteins abundantly This study identi®es the chicken altFGF-2 protein as a
heparin binding protein with an apparent molecular massin their dorsal neural tubes during embryogenesis were ana-
lyzed further, but again failed to reveal any changes (even of 21.5 kDa. Comparative analysis of the altFGF-2 and the
three previously known FGF-2 protein isoforms revealsafter breeding to homozygosity; data not shown).
In contrast, morphological analysis of altFGF-2 express- their differential localization in cells and distribution dur-
ing embryogenesis. FGF-2 proteins are either predominantlying transgenic embryos (Figs. 5A and 5E) revealed neural
tube abnormalities in a signi®cant fraction (25%, see Fig. cytosolic or nuclear (see, e.g., Dono and Zeller, 1994),
whereas the altFGF-2 protein is predominantly ER-associ-5A). Two embryos expressing highest levels of altFGF-2
transcripts displayed severe undulations of their rostral spi- ated. This different subcellular localization indicates that
the signals controlling nuclear and ER targeting are encodednal cords (arrowheads, Fig. 5B), whereas a third, expressing
lower levels, showed partial expansion (overgrowth) of its by the alternate amino-terminal domains. Indeed, evidence
for the presence of a nuclear localization signal in thedorsal hind brain (Fig. 5C; compare to Fig. 5D). The three
embryos were shown to express the transgene at high levels. amino-terminal extensions of the two larger FGF-2 isoforms
has been obtained (Quarto et al., 1991), whereas the signalBecause such malformations were never observed in FGF-
2 expressing, in nonexpressing transgenic, or in wild-type targeting the altFGF-2 protein to the ER lumen remains
to be identi®ed. Since no secreted altFGF-2 protein wasembryos (Fig. 5A and data not shown), these alterations can
be attributed to ectopic altFGF-2 gene products. All altFGF- detected, one reason could be that their secretion is regu-
lated as reported for FGF-3 proteins retained by the Golgi2 expressing embryos were further analyzed using molecu-
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FIG. 5. pWEXP-2-mediated ectopic expression of FGF-2 and altFGF-2 proteins during establishment of d/v neural tube polarity in
transgenic mice. (A) Table summarizing the numbers of transgenic and expressing embryos for both FGF-2 and altFGF-2 transgenes. No.,
number of transgenic embryos (determined by genotyping). Express., number of embryos expressing the transgene as judged by in situ
hybridization (see E). NT Defect, note that alterations of neural tube morphology were detected only in altFGF-2 expressing embryos (for
details see Results). (B) altFGF-2 expressing mouse embryo (E12) displaying a severely undulated spinal cord (indicated by arrowheads).
(C to G) 35S in situ hybridizations using riboprobes to detect different transcripts (in pink). Nuclei are counterstained by Hoechst (blue).
(C) Transverse section to show Pax-3 expression in the aberrant expansion of the dorsal hind brain in an altFGF-2 expressing mouse
embryo (E12). (D) Pax-3 expression in the equivalent hind brain region of a wild-type littermate embryo (E12). (E) Expression of the altFGF-
2 transgene in the rostral spinal cord of an altFGF-2 transgenic embryo (E12). (F) Pax-3 expression in the rostral spinal cord of the same
transgenic embryo. (G) Expression of En-1 in the rostral spinal cord of the same transgenic embryo.
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complex (Kiefer et al., 1993). However, secretion or nuclear FGF-2 Protein Isoforms and Neural Tube
Morphogenesislocalization of FGF-3 proteins is not a property of individual
isoforms, but regulated by competing signals encoded by
Several FGFs are expressed during patterning and differen-both isoforms (Kiefer et al., 1994). Furthermore, altFGF-2
tiation of the CNS. In particular, FGF-8 is expressed in theand FGF-2 proteins share their major heparin and receptor
isthmus region separating mid and hind brain compart-binding domains located in coding exon 3 (Baird et al.,
ments (Crossley and Martin, 1995). Ectopic application of1988), but their overall structure must differ due to their
FGF-8 protein to the caudal forebrain of chicken embryoscompletely divergent amino-terminal domains. These
results in duplications of mid brain structures (Crossley etstructural differences should affect their FGF receptor bind-
al., 1996a). These studies show that FGF-8 signals have in-ing speci®cities as reported for FGF-8 protein isoforms
structive roles during establishment of mid brain polarity.(MacArthur et al., 1995). However, no such comparative
Furthermore, FGF-3 gene products are expressed by the de-FGF receptor binding studies have been performed for FGF-
veloping hind brain and evidence suggests signaling func-2 and altFGF-2 proteins.
tions during the establishment of rhombomere boundaries
and identities (Mahmood et al., 1995). FGF-1 (SchnuÈ rch and
Risau, 1991) and FGF-2 (Dono and Zeller, 1994) are ex-Distribution of altFGF-2 and FGF-2 Proteins
pressed by the developing neural tube; however, their possi-Indicates Differential Functions during Limbs,
ble functions remain unknown. The present study estab-Kidneys, and Heart Morphogenesis
lishes that altFGF-2 is expressed in a dynamic and restricted
pattern during d/v patterning and differentiation of the neu-All four FGF-2 protein isoforms, like many other FGFs,
ral tube, whereas FGF-2 proteins are distributed uniformly.are expressed by the myotomal compartment of somites
In particular the altFGF-2 distribution suggested that itand might serve signaling functions during somite differen-
could participate in signaling during the establishment oftiation (for detailed discussion see, e.g., Han and Martin,
d/v neural tube polarity and the speci®cation of neuronal1993). During limb pattern formation, signaling functions
identities. Another signaling molecule, SHH, is expressedhave been postulated for FGF-2 proteins (Riley et al., 1993;
by notochord and ¯oorplate cells during establishment ofFallon et al., 1994), but restriction of altFGF-2 expression
d/v neural tube polarity and its dorsal ectopic expressionto limb bud core mesenchymal cells indicates that they do
results in ectopic activation of ventral markers and opennot participate in epithelial ±mesenchymal signaling. How-
neural tube phenotypes (for details see Echelard et al., 1993).ever, they could mediate the postulated inhibitory func-
Equivalent dorsal expression of altFGF-2 or FGF-2 genetions of FGF-2 proteins on chondrocyte differentiation
products in transgenic mouse embryos, however, does not(Knudson and Toole, 1988). During early kidney morpho-
result in ectopic activation of ventral markers. These resultsgenesis, altFGF-2 and FGF-2 proteins are coexpressed by the
indicate that neither altFGF-2 nor FGF-2 gene products areepithelial compartment (this study and Dono and Zeller,
instructive signals regulating the establishment of d/v neu-1994). This correlates well with in vitro studies showing
ral tube polarity. In fact, altFGF-2 proteins are also tran-that FGF-2 proteins can replace the signals from the epithe-
siently expressed by the dorsal compartment during thelial compartment which induce condensation of metaneph-
early determinative stages of neural tube patterning. Recentric mesenchyme during early renal development (Perantoni
genetic analysis of the Isl1 homeobox gene showed thatet al., 1995). In the heart, studies using antisense oligonucle-
differentiation of En-1-positive interneurons is dependentotides have suggested regulatory roles for FGF-2 proteins
on motor neuron signals (Pfaff et al., 1996). altFGF-2 proteinduring proliferation and possibly differentiation of chicken
could constitute such a signal because it is expressed byembryonic cardiomyocytes (Sugi et al., 1993). However,
Isl1-positive motor neuronal cells, but no changes in theboth FGF-2 (Parlow et al., 1991; Dono and Zeller, 1994) and
distribution of En-1-positive interneurons were seen inaltFGF-2 proteins are expressed by cardiomyocytes from the
altFGF-2 expressing transgenic embryos. However, a frac-onset of heart morphogenesis. In addition, the antisense
tion of altFGF-2 expressing transgenic mouse embryos dis-oligonucleotide used by Sugi et al. (1993) is directed against
play distinct morphological alterations (undulation of thecoding exon 2 and would interfere with expression of all
spinal cord or expansion of the dorsal neural tube compart-four FGF-2 protein isoforms. Therefore it is likely that both
ment) indicative of changes in spinal cord growth. Interest-FGF-2 and altFGF-2 proteins participate in regulation of
ingly, retrovirus-mediated ectopic expression of FGF-2 pro-cardiomyocyte proliferation and differentiation. Taken to-
teins during patterning of distal limb structures causes ho-gether, FGF-2 and altFGF-2 proteins are expressed during
mologous alterations of limb morphology. Ectopicmorphogenesis and differentiation of several mesodermal
expression of FGF-2 in the limb bud mesenchyme inducesstructures for which speci®c FGF-2 signaling functions have
expansion of the anterior limb bud compartment in a frac-been postulated. It is likely that these functions are shared
tion of embryos and results in duplications of anterior digitsbetween FGF-2 and altFGF-2 isoforms. Furthermore, these
(for details see Riley et al., 1993). However, ectopic expres-studies establish for the ®rst time that FGF protein isoforms
sion of FGF-2 is not suf®cient to alter anteroposterior limbare differentially regulated and distributed during em-
bryogenesis. bud polarity as observed following ectopic anterior expres-
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Early stages of motor neuron differentiation revealed by expres-sion of the Shh signaling molecule (Riddle et al., 1993).
sion of homeobox gene Islet-1. Science 256, 1555±1560.These results together with the present study show that
Fallon, J. F., Lopez, A., Ros, M. A., Savage, M. P., Olwin, B. B., andaltFGF-2 and FGF-2 proteins most likely function as per-
Simandl, B. K. (1994). FGF-2: Apical ectodermal ridge growth fac-missive factors regulating growth (and possibly differentia-
tor for chick limb development. Science 264, 104±107.tion) of prepatterned structures such as the spinal cord.
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P. (1991). Pax-3, a novel murine DNA binding protein expressed
during early neurogenesis. EMBO J. 10, 1135±1147.
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